[1] Molecular and stable carbon isotopic (d 13 C value) compositions of dicarboxylic acids, ketoacids, and dicarbonyls in aerosol samples (i.e., total suspended particles) collected in Sapporo, northern Japan during spring and summer were determined to better understand the photochemical aging of organic aerosols during long-range transport from East Asia and Siberia. Their molecular distributions were characterized by the predominance of oxalic acid (C 2 ) followed by malonic (C 3 ) or occasionally succinic (C 4 ) acids. Concentrations of total diacids ranged from 106-787 ng m À3 with ketoacids (13-81 ng m
[1] Molecular and stable carbon isotopic (d 13 C value) compositions of dicarboxylic acids, ketoacids, and dicarbonyls in aerosol samples (i.e., total suspended particles) collected in Sapporo, northern Japan during spring and summer were determined to better understand the photochemical aging of organic aerosols during long-range transport from East Asia and Siberia. Their molecular distributions were characterized by the predominance of oxalic acid (C 2 ) followed by malonic (C 3 ) or occasionally succinic (C 4 ) acids. Concentrations of total diacids ranged from 106-787 ng m À3 with ketoacids (13-81 ng m
À3
) and dicarbonyls (2.6-28 ng m À3 ) being less abundant. Water-soluble organic carbon (WSOC) comprised 23-69% of aerosol organic carbon (OC). OC to elemental carbon (EC) ratios were high (3.6-19, mean: 8.7). The ratios of C 3 /C 4 and WSOC/OC did not show significant diurnal changes, suggesting that the Sapporo aerosols were not seriously affected by local photochemical processes and instead they were already aged. d
13 C values of the dominant diacids (C 2 À C 4 ) ranged from À14.0 to À25.3%. Largest d
13
C values (À14.0 to À22.4%, mean: À18.8%) were obtained for C 2 , whereas smallest values (À25.1 to À31.4%, mean: À28.1%) were for azelaic acid (C 9 ). In general, d
13 C values of C 2 À C 4 diacids became less negative with aerosol aging (i.e., WSOC/OC), presumably due to isotopic fractionation during photochemical degradation of diacids. By comparing the d
13 C values of diacids in the Sapporo aerosols with different air mass source regions, we suggest that although initial d
13 C values of diacids depend on their precursor sources, the enrichment in 13 C can be ascribed to aerosol photochemical aging.
Introduction
[2] Organic aerosols play an important role in climate forcing, directly and indirectly [Andreae and Crutzen, 1997; Novakov and Penner, 1993] . Low molecular weight dicarboxylic acids and related polar compounds comprise a significant fraction of organic aerosols [Kawamura and Usukura, 1993; Sun and Ariya, 2006] . Although diacids and related polar compounds can be generated from primary sources including fossil fuel combustion [Kawamura and Kaplan, 1987] , biomass burning [Narukawa et al., 1999] and meat cooking operations [Rogge et al., 1991] , they are mainly formed by secondary processes in the atmosphere [Kawamura et al., 1996; Satsumabayashi et al., 1990] . Photochemical oxidation and breakdown of relatively higher diacids and other precursors are important sources of lower diacids in the atmosphere Zuo and Hoigne, 1994] . The removal and mixing processes also affect the ambient concentrations of these compounds during long-range transport [Mochida et al., 2003a] .
[3] Different approaches have been applied to characterize and understand the sources of atmospheric aerosols as well as their long-range transport. Mono-and dicarboxylic acids have been used as signature compounds in the atmosphere to trace the sources, transport, and production/ destruction processes of organic aerosols [Kawamura et al., 2000; Kawamura and Sakaguchi, 1999; Wang et al., 2006a] . Compound-specific stable carbon isotope analysis (CSCIA) of organic compounds has been applied in many scientific fields [Hayes et al., 1990; Lichtfouse, 2000; Schmidt et al., 2004] . CSCIA has been conducted for the light hydrocarbons to determine the extent of photochemical processing and contribution of effective mixing process of the compounds in the atmosphere using the estimated kinetic isotope effect of target compound with OH radical [Rudolph et al., 2000 [Rudolph et al., , 2002 [Rudolph et al., , 2003 Saito et al., 2002; Tsunogai et al., 1999] .
[4] However, the use of CSCIA is relatively limited in aerosol research [Fang et al., 2002] . Recently CSCIA of long-chain fatty acids, n-alkanes and n-alcohols as well as polycyclic aromatic hydrocarbons has been applied to investigate the sources of rural, urban and marine aerosols [Bendle et al., 2006 [Bendle et al., , 2007 Conte and Weber, 2002; Fang et al., 2002; Norman et al., 1999; Schefuß et al., 2003; Simoneit, 1997] . The biomarker compounds are chemically more stable than volatile compounds (thus have less chance to be oxidized in the atmosphere) and their sources are limited (mostly derived from biological and anthropogenic activities but not from photochemical processes) [Fang et al., 2002] . Thus CSCIA of these compounds is more specific in source identifications of organic aerosols, but not adequate to assess their photochemical processing.
[5] Photochemical processing of aerosols in the atmosphere (i.e., aerosol aging) largely affects the composition of water-soluble matter in aerosols [Rudich et al., 2007; Shilling et al., 2007] . Their composition is important in controlling the ability of a particle to be activated as cloud condensation nuclei (CCN) [Shilling et al., 2007] . Because diacids and related polar compounds are thought to be produced largely by photochemical oxidation, CSCIA of these compounds can be a useful tool for the assessment of photochemical aging of organic aerosols. Recently, reported a novel method for CSCIA of low molecular weight diacids and related polar compounds using gas chromatography/isotope ratio mass spectrometry (GC/irMS). More recently, Wang and Kawamura [2006] applied this method to remote marine aerosols from the Pacific Ocean, and discussed the photochemical aging of organic aerosols using stable carbon isotopic composition (d 13 C values) of diacids. Before this, Turekian et al. [2003] also measured the d 13 C value of oxalic acid in marine aerosols at Bermuda.
[6] Here we report molecular and stable isotopic compositions of diacids, ketoacids and dicarbonyls in continental aerosols (i.e., total suspended particles) at Sapporo, northern Japan, a site influenced by long-range atmospheric transport from East Asia and Siberia. Using this approach, we discuss the sources and atmospheric processing of organic aerosols transported to Sapporo.
Experimental Section

Aerosol Sampling
[7] The city of Sapporo (location 43°3 0 56 00 N and 141°21 0 27 00 E, population 1.9 million, area 1121 km 2 ) is located in the western part of Hokkaido, the northernmost major island of Japan (i.e., ca. 15 km south to the west coast of Hokkaido) ( Figure 1a ). It is a good location for collecting the long-range transported atmospheric particles from East Asia, Siberia (Russia) as well as surrounding seas (the Sea of Japan, western North Pacific). Aerosol sampling was conducted on the north campus of Hokkaido University located in the northwest of down town Sapporo. The campus is surrounded mainly by residential area, and the sampling point was at least $500 m away from the main streets. Twenty aerosol samples (i.e., total suspended particles (TSP), hereafter aerosol filter samples should be regarded as TSP samples) and two field blanks (with zero sampling air volume) were collected on precombusted (at 450°C at least for 6 h) quartz filters (25 Â 20 cm) using a high-volume air sampler at a flow rate of $600 L min À1 on the rooftop of our institute building ($15 m agl). The samples were collected on 24 h (n = 8), daytime (n = 6) and nighttime (n = 6) basis during 1 May to 23 July 2005. The sampling was conducted under fine weather conditions, except for 25-26 June (nighttime) when it was partly rainy. After the sampling, the filter was recovered in a clean glass jar (precombusted) with a Teflon-lined screw cap, and stored at À20°C prior to analysis.
Derivatization of Dicarboxylic Acids and Related Compounds, and GC and GC/MS Determinations
[8] Water-soluble diacids, ketoacids and dicarbonyls were determined as reported elsewhere [Kawamura, 1993; Kawamura and Ikushima, 1993] . Briefly, a filter aliquot of 8 to 24 cm 2 was extracted with Milli-Q water. The extracts were concentrated to near dryness, and reacted with 14% BF 3 /n-butanol to derive diacids to butyl esters and aldehyde group to dibutoxy acetal. The derivatives were then extracted with n-hexane, concentrated to near dryness, dissolved in n-hexane, and determined using a capillary gas chromatography (GC) with an FID (flame ionization detector). Identifications of the compounds were performed by GC retention times and GC/mass spectrometry (MS) analyses. Oxalic and phthalic acids were found in the field blanks, however, in general their amounts were found to be <5% of the real samples. These values are lower than those (<10%) reported for the previous remote marine aerosol study [Kawamura and Sakaguchi, 1999] . The concentrations reported here are all corrected for the field blanks.
Determination of d
13 C for Dicarboxylic Acids and Related Compounds
[9] Stable isotopic compositions (d 13 C values) of the water-soluble compounds relative to Pee Dee Belemnite (PDB) were measured using the method developed by . Briefly, after an appropriate amount of internal standard (n-alkane C 13 ) was spiked to the part of derivatized fraction of a sample, d
13 C values of the derivatives were determined using GC (HP6890)/ isotope ratio mass spectrometry (irMS) (Finnigan-MAT Delta plus). The d 13 C values were then calculated for free organic acids using an isotopic mass balance equation based on the measured d 13 C of the derivatives and the derivatizing agent (1-butanol) . Each sample was analyzed in duplicates, and the mean d 13 C of the quantified compound is reported. The difference in d 13 C of free acids for replicate analyses is generally below 1%. However, for minor species, the difference is sometimes up to 1.5% and occasionally over 2%. In this paper we report d
13 C values for nine compounds (six diacids, two ketoacids and one dicarbonyl), whose analytical accuracy is adequate (<2%).
Inorganic Ions, WSOC, OC, and EC Determinations
[10] A filter cut containing 4 to 16 mg of aerosol mass was extracted with Milli-Q water using an ultrasonic bath (10 min Â 3 times) so that the total volume of the extracts = Kawamura and Sakaguchi [1999] ). For study periods and other details, see Table 2. was 12-15 mL. The extracts were then filtered using a membrane disc filter (Millex-GV, 0.22 mm, Millipore), and cations and anions were determined with a Dionex-500 ion chromatograph as reported previously [Wang et al., 2005] .
[11] For water-soluble organic carbon (WSOC) determination, 0.1 mL of HCl (20%, v/v) was added to 5 mL water extracts. After purging 10 min with ultra pure air (80 mL min À1 ), the solution was injected into a TOC analyzer (Shimadzu TOC-5000A) [Wang et al., 2005] .
[12] Organic and elemental carbon (OC and EC) were determined using a Sunset Lab carbon analyzer, following the Interagency Monitoring of Protected Visual Environments (IMPROVE) thermal evolution protocol and assuming carbonate carbon in the sample to be negligible. Typically, a 1.5 cm 2 punch of the filter was placed in a quartz boat inside the thermal desorption chamber of the analyzer, and then stepwise heating was applied [Wang et al., 2005] . The concentrations of inorganic ions, WSOC and OC/EC reported here are all corrected for the field blanks (individual species amounts detected in the blanks were generally lower than 3% of the real samples).
Determination of Sugars
[13] Sugar class compounds were also determined in the samples. Here we present only levoglucosan concentrations as a biomass burning tracer to discuss correlations with other compounds. Briefly, an aliquot of the filter ($3-10 cm 2 ) was cut and extracted with dichloromethane: methanol (2:1) as described previously [Mochida et al., 2003a; Simoneit et al., 2004] . The extracts were concentrated to near dryness, and were reacted with N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA) (containing 1% trimethylsilyl chloride) and pyridine. During this procedure, OH and COOH functional groups in the compounds were converted to their trimethylsilyl (TMS) ethers and esters, respectively. The TMS derivatives were then diluted with n-hexane containing the internal standard (C 13 n-alkane), and injected into a GC/MS for the determination of sugar compounds. None of saccharides were detected in the field blanks.
Air Mass Back Trajectories
[14] To characterize different air masses encountered at Sapporo during the campaign, 10-day back trajectory analysis was performed for each of the samples using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT4) model (http://www.arl.noaa.gov/ready/hysplit4.html, NOAA Air Resources Laboratory, Silver Spring, Maryland, United States). The trajectories were calculated for air masses starting from the sampling site (with sampling ending time) at 500 m height using the vertical velocity method and reanalysis data [Wang et al., 2006a] . The flow pattern was updated every 6 h. Air parcels in Sapporo were classified into three categories according to air mass regions as discussed below.
Results and Discussion
Molecular Distributions and Concentrations of Dicarboxylic Acids and Related Compounds
[15] A homologous series of a, w-dicarboxylic acids (C 2 -C 12 ) and w-oxocarboxylic acids (wC 2 -wC 9 ), aromatic (phthalic, iso-and tere-phthalic acids) diacids, midchain ketodicarboxylic acids (kC 3 , kC 7 ), ketoacid (pyruvic acid) and a-dicarbonyls (C 2 -C 3 ) were detected in the Sapporo aerosol samples. Their concentrations are summarized in Table 1 . Oxalic acid (C 2 ) was found as the most abundant diacid species followed by malonic acid (C 3 ) or succinic acid (C 4 ). The relative abundances of C 2 , C 3 and C 4 in total diacids were 46, 19 and 14%, respectively. We observed that phthalic acid (Ph) is often the fourth most abundant diacid. However, phthalic and glutaric (C 5 ) acids account for only about 5 and 3% of total diacids, respectively.
[16] To better understand the atmospheric processes during long-range transport of these compounds, concentrations of diacids in the Sapporo aerosols are compared with those reported for different sites in East Asia and the Pacific Rim. A comparison of the concentrations is summarized in Table 2 . The geographical location of Sapporo with different sites is shown in Figure 1a . Concentrations of diacids presented in Figure 1b (bottom) were taken from different studies that reported the concentrations mostly for spring/ summer seasons like our study. Although periods (year) are not the same in each study, comparison of the distributions in Sapporo aerosols with those reported from different sites in East Asia and the Pacific Rim may give a rough idea about the production/degradation and mixing processes during long-range transport of the compounds from the Asian continent, as follows.
[17] First, concentration of total diacids observed in the Sapporo aerosols (106-787 ng m À3 , mean: 406 ng m À3 ) is about half or one third of those reported in Chinese cities [Ho et al., 2007; Wang et al., 2006b ], East China Sea [Mochida et al., 2003a] , Gosan site at Jeju Island , and Sea of Japan [Mochida et al., 2003a] (Table 2) . On the other hand, the mean concentration is more than twice of those reported over the western North Pacific [Mochida et al., 2003a] , Chichi-jima Island [Mochida et al., 2003b] , and over the remote Pacific [Kawamura and Sakaguchi, 1999] . Considering the data from different sites, a decreasing trend in total diacid concentrations can generally be seen in Figure 1b (bottom) with increasing distances from the Asian continent, suggesting that the Asian outflows of aerosols and their precursors are important to control the diacid concentrations over the Asian Pacific region.
[18] Secondly, it has been suggested that C 3 is produced by photochemical oxidation of C 4 in the atmosphere [Kawamura et al., 1996] , and thus C 3 /C 4 ratio can be used as an indicator of enhanced photochemical production of diacids. We found the C 3 /C 4 ratios of Sapporo aerosols (0.88 -2.4 with a mean of 1.4) are generally higher than those (0.97 and 1.1) reported in Tokyo during June and July [Kawamura and Yasui, 2005] , where local anthropogenic emissions and subsequent photochemical reactions are significant. They are also higher than those (0.61 and 0.86) reported in Chinese aerosols during January and June-July [Ho et al., 2007] , but are similar to those (1.3) reported in Gosan aerosols . However, the C 3 /C 4 ratios in Sapporo are lower than those (2.0) of marine aerosols from Chichi-jima Island [Mochida et al., 2003b] or considerably lower than those (3.9) from the remote Pacific [Kawamura and Sakaguchi, 1999] (Figure 1b, top) . These results suggest that the mixing of polluted air mass with relatively clean air masses, removal of aerosol particles due to wet/dry deposition and secondary production of diacids are likely occurring in the atmosphere during long-range transport of aerosols and their precursors over the Pacific Rim.
[19] Thirdly, concentrations of total ketoacids in the Sapporo aerosols ranged from 13 to 81 ng m À3 (mean: 35 ng m
À3
). Glyoxylic acid (wC 2 ) was always found as a dominant ketoacid followed by pyruvic (Pyr) and 9-oxononanoic (wC 9 ) acids. Similar concentrations of total ketoacids with a predominance of wC 2 were observed in the Chinese urban [Ho et al., 2007] and Gosan aerosols . In fact, on average wC 2 was the fourth most abundant species among diacids, ketoacids and dicarbonyls. Concentrations of a-dicarbonyls ranged from 2.6 to 28 ng m À3 with a mean of 9.7 ng m
. The mean concentration of total a-dicarbonyls is similar to those of Chinese aerosols (mean: 12 ng m À3 , based on winter and summer samples) [Ho et al., 2007] and Gosan aerosols (mean: 12 ng m
, obtained from year-round samples) . However, the relative abundance of glyoxal (47%) in total a-dicarbonyls is much higher in Sapporo than those reported in the Chinese aerosols (19%) and Gosan aerosols (4%), further suggesting important photochemical processes during long-range transport to Sapporo. Other than saturated straight chain diacids specified, it generally included methylmalonic, methylsuccinic, 2-methylglutaric, maleic, fumaric, methylmaleic, phthalic, malic, ketomalonic, and 4-ketopimelic acids. 37% of TC in summer) reported in Chinese aerosols [Ho et al., 2007] , but higher than those (30% of OC and roughly 25% of TC) reported at the Gosan site, Jeju Island by semicontinuous measurements during March -April [Miyazaki et al., 2007] . Higher ratios of WSOC to OC and TC in Sapporo than in Gosan can be explained by prolonged photochemical processes during long-range atmospheric transport, because Sapporo is located far to the east of Jeju Island (Figure 1a) .
[21] During photochemical production of diacids, the relative abundance of diacid carbon (diacid-C) in the aerosol TC increases in the urban atmosphere [Kawamura and Yasui, 2005] . The contribution of total diacid-C (39 -267 ngC m
, mean: 141 ± 63 ngC m À3 ) to TC (and also to WSOC) in the Sapporo aerosols varied from 0.74 to 3.6% (2.8 to 8.1%) with a mean of 1.8% (4.8%), which is higher than those (0.18 -1.8%, mean: 0.95%) reported in the urban aerosols from Tokyo [Kawamura and Yasui, 2005] . However, they are slightly lower than those (3.1%) reported in Jeju Island , and several times lower than those (7.0%) reported in Chichi-jima Island [Mochida et al., 2003b] and those (8.8%) in the remote equatorial Pacific [Kawamura and Sakaguchi, 1999] ( Table 2 and Figure 1b) . In general, these ratios increase significantly toward the remote Pacific. This trend also suggests that diacids are largely produced by photochemical processes during long-range transport of continental organic aerosols and their precursors.
Day-and Nighttime Variations in the Concentrations
[22] In order to further assess the importance of local emission and the subsequent secondary formation of diacids, we compared diacid-C/TC, C 3 /C 4 and WSOC/OC ratios for day-and nighttime samples with a view that these ratios should increase in daytime if local emission and production are important to control diacid concentrations in Sapporo. Figure 2 shows the sample-to-sample variations in these ratios and diacid concentrations. Day-and nighttime samples did not show any diurnal variations in diacid concentrations. Diacid-C/TC, C 3 /C 4 and WSOC/OC ratios showed no systematic trend either. The mean diacid concentrations in day-and nighttime samples (476 and 428 ng m À3 , respectively) are rather similar. Averaged diacid-C/TC ratios for day-and nighttime samples were 1.78 and 1.75%, respectively. This uniformity is in contrast to the diurnal distributions reported in the urban Tokyo atmosphere, where diacid-C/TC ratios increase in day-time [Kawamura and Yasui, 2005] . These results suggest an insignificant contribution of local anthropogenic emissions followed by photochemical oxidation relative to the contribution of photochemical aging of aerosols during long-range transport to Sapporo.
[23] We also compared WSOC/OC (and WSOC/TC) ratios for day-and nighttime samples. Contributions of WSOC to OC (and to TC) in day-and nighttime samples were 42% (38%) and 43% (39%), respectively. This similarity again indicates that influences of local emissions and secondary productions of WSOC were relatively insignificant. Moreover, OC/EC ratios of the samples were found to be 3.6 to 19 with a mean of 8.7, which are much higher than that (an average OC/EC ratio of 3.5) reported in 14 Chinese cities during winter and summer [Ho et al., 2007] . This finding suggests that much of the OC in the Sapporo aerosols is contributed from photochemical production during long-range transport. On the basis of these results and discussions, we believe that the Sapporo aerosols are significantly aged and largely influenced by Asian outflows.
Sources of Dicarboxylic Acids and Related Polar Compounds
[24] The correlations of diacids within the compound class and with other marker species were used to interpret the sources and the formation pathways of diacids Mochida et al., 2003a] . Principal component analysis (PCA) has been applied previously to distinguish the sources of diacids [Kawamura and Sakaguchi, 1999; Wang et al., 2006a] . In this study, we selected major diacids and other species for PCA that are likely associated with a specific source. The analysis was based on the correlation matrix of the seven variables (the concentrations of seven species selected for PCA) used with the varimax rotation of the eigenvectors. Two components were retained as suggested by the scree test, which account for 55 and 21% of the variance in the first and second components, respectively. Table 3 shows principle component loadings, which are presented as correlation coefficients between variables and the components.
[25] In the first component, C 2 , C 3 , and C 4 diacids showed high loadings of 0.90-0.92 followed by nss-SO 4 2À (0.78). These species are often abundant in polluted air masses that have a significant influence of photochemical processing. Both levoglucosan and EC that result from primary emissions have no correlations with component 1, suggesting that the component 1 is related to secondary production of the species probably via the oxidation of gaseous precursors (the gaseous precursors may also be from biomass burning). In contrast, levoglucosan and EC have higher loading in component 2. Because they are largely produced by biomass burning [Medeiros et al., 2006] , component 2 should be attributed to biomass burning. OC showed similar loading in both components, suggesting that OC in the Sapporo samples is derived from both primary and secondary sources. However, the concentration of levoglucosan (a biomass burning marker) (2 -54 ng m
À3
, with a mean 16 ng m
) is one order of magnitude lower than that (mean: 192 ng m À3 ) of oxalic acid (a secondary production marker). This contrast suggests that photochemical oxidation of organic precursors is a more important factor to control the organic aerosol composition in Sapporo, at least during the campaign period, due to longrange atmospheric transport over Sapporo.
[26] We further studied the relations among the selected diacids, ketoacids and dicarbonyls to better understand the sources. As expected, shorter-chain diacids (C 2 À C 4 ) showed a strong correlation coefficient (r = 0.81 -0.85) each other. In contrast, longer-chain (C 6 , C 9 ) and unsaturated (M, F, Ph) diacids exhibited a weaker relation (r = 0.27 -0.69) among themselves. Their correlations (r = 0.30 -0.79) with C 2 À C 4 diacids are not strong. These results indicate that the diacids are derived from different sources and/or different photochemical pathways. Terrestrial-plant emission of unsaturated fatty acids are regarded as a possible source for longer-chain diacids (such as C 9 ) [Kawamura and Ikushima, 1993; Kawamura and Sakaguchi, 1999] , while vehicular emission and coal combustion are responsible for aromatic (Ph) and unsaturated (M, F) diacids [Kawamura and Ikushima, 1993; Kawamura and Kaplan, 1987] . Although total diacids did not show any relation to levoglucosan, some diacids such as, C 5 , M, and F exhibited a weak but positive correlation (r = 0.50 -0.67) with levoglucosan and with nss-K + , suggesting a possible contribution from biomass burning to these diacids.
[27] Longer-chain w-oxoacids, such as 9-oxononanoic acid (wC 9 ), may be produced by the oxidation of unsaturated fatty acids of terrestrial and marine origins, and are subsequently oxidized to normal diacids such as C 9 Kawamura and Gagosian, 1987; Kawamura and Sakaguchi, 1999] . The correlation coefficient (r) between wC 9 and C 9 is 0.58. Interestingly, a strong relation (r = 0.84) was found between glyoxylic acid (wC 2 ) and C 2 , suggesting that wC 2 , an intermediate product of several oxidation pathways, acts as an important precursor of oxalic acid [Kawamura et al., 1996; Warneck, 2003] . Furthermore, glyoxal (Gly), pyruvic acid (Pyr) and wC 2 , which are all known as the intermediates in the C 2 formation from biogenic hydrocarbons [Ervens et al., 2004; Lim et al., 2005] show good correlations: r = 0.78 (Gly versus Pyr), 0.86 (Gly versus wC 2 ), and 0.86 (Pyr versus wC 2 ) . These relations will be further discussed in terms of the stable carbon isotopic compositions.
Stable Carbon Isotopic Compositions of Dicarboxylic Acids and Related Compounds
[28] Table 4 presents the results of stable isotopic composition measurements for six dicarboxylic acids, two ketocarboxylic acids and one dicarbonyl. d
13 C values of dominant diacids (C 2 À C 4 ) fall within the range of À14.0 to À25.3%. In general, d
13 C values of oxalic acid in this work (mean: À18.8%) are larger than those (mean: À21%) reported for the marine aerosols from Bermuda in 1998 [Turekian et al., 2003 ], but smaller than those (mean: À16.8%) obtained in the remote marine aerosols from the western Pacific and Southern Ocean during 1994 -95 [Wang and Kawamura, 2006] . The difference in d
13
C values of n-alkanes and fatty acids in aerosols can be regarded as differences in their source and source regions [Bendle et al., 2006 [Bendle et al., , 2007 Fang et al., 2002] . However, unlike biomarkers, which can faithfully reflect d
C values in their sources due to their stable character, dicarboxylic acids are subjected to photochemical production and degradation in the atmosphere, probably causing isotopic fractionation in diacid-carbon during long-range transport (a point to be discussed later).
[29] Figure 3 plots d 13 C values of the specific compounds as a function of carbon numbers. In general, an increase of d 13 C is observed with a decrease in carbon numbers. Oxalic acid and azelaic acid show the largest and smallest mean d
13 C values, respectively. Although relatively large variations are observed for Gly, wC 2 and Pyr, their mean d 13 C values are close to that of oxalic acid. This similarity suggests that low molecular weight carbonyl (Gly) and ketoacids (wC 2 , Pyr) may have a close link each other in the photochemical pathways. Oxalic acid is proposed as an end product of the atmospheric oxidation of longer-chain diacids and other precursors such as Gly and wC 2 [Kawamura et al., 1996 Sempéré and Kawamura, 2003] .
[30] Mean d 13 C values of Gly, wC 2 and Pyr ranged from À19.1 to À20.3%, being close to oxalic acid (À18.8%). wC 2 is the smallest ketoacid, that is thought as one of the important intermediates in the formation of oxalic acid. As discussed above, correlation coefficients between concentrations of these organic acids present high value (r = 0.78-0.86), suggesting their similar sources. Moreover, Gly, wC 2 and Pyr have recently been reported as important intermediates in the oxalic acid formation pathways [! Gly ! Pyr ! wC 2 ! C 2 ] from the aromatic hydrocarbons and isoprene in laboratory experiments [Ervens et al., 2004; Lim et al., 2005] . These results and discussion lead to a conclusion that this photochemical pathway is important to the formation of oxalic acid in the atmosphere. It is also important to note that in this study the total concentration of dicarbonyls shows a good correlation with levoglucosan (r = 0.75) and nss-K + (r = 0.74), suggesting that biomass burning is an important contributor to dicarbonyls.
Relation Between d
C Values and Photochemical Processes of Dicarboxylic Acids
[31] Atmospheric processes that could contribute to the systematic differences in the isotopic composition of diacids include evaporation, isotope exchange with inorganic carbon, and photochemical reactions [Hoefs, 1997] . As discussed by Wang and Kawamura [2006] , the evaporationrelated isotopic fractionations and isotope exchange between organic and inorganic carbon species in diacids are insignificant at ambient temperature and pressure (thermodynamic parameters). Rather, the kinetic isotope effect (KIE, i.e., ratios of reaction rate constants for 12 C and 13 C, commonly expressed as k 12 /k 13 ) seems a more plausible explanation than thermodynamic equilibrium effects to the isotopic fractionation in the atmospheric reactions. Laboratory experiments as well as ambient measurements have found that aliphatic/aromatic hydrocarbons (including isoprene) become more enriched in 13 C after the photochemical reactions with OH radicals [Anderson et al., 2004; Irei et al., 2006; Rudolph et al., 2000 Rudolph et al., , 2002 Rudolph et al., , 2003 ]. This increase in d 13 C has been ascribed to the KIE for their photochemical reaction.
[32] Shorter-chain diacids can be formed by the photochemical breakdown of relatively longer-chain diacids [Kawamura and Sakaguchi, 1999] . On the basis of above discussions, relatively less negative d
13 C values of lower carbon numbered diacids in the Sapporo aerosols (Figure 3 ) can most likely be explained by the isotopic fractionations that may occur during breakdown of diacids or other precursors. In the atmospheric oxidation processes of certain diacids, removal of CO 2 /CO by reaction with OH radical likely causes substrate (now relatively shorter-chain diacid) to be enriched in 13 C. Thus the lighter isotope of C becomes enriched in the evolved species leaving the remaining substrate more enriched in 13 C. Alternatively, lower diacids enriched with 13 C may be less reactive to OH radicals in the atmosphere, resulting the same trend. Therefore as a result of atmospheric reactions of diacids during long-range transport, d
13 C of remaining diacids (relatively shorter-chain diacids) could become less negative.
[33] Furthermore, in the remote marine aerosols collected from the western Pacific to Southern Ocean, the increasing trends of d
13 C values toward the equator for saturated diacids were explained mainly by the KIE for their photochemical degradation [Wang and Kawamura, 2006] . The relative abundance of oxalic acid increases with an increase in d
13 C values toward the equator, although its concentration decreases considerably. Wang and Kawamura [2006] concluded that the photochemical processes of diacids is [34] Here, we compare d 13 C values of the speciated organics and their concentration changes with WSOC/OC ratios. The WSOC/OC ratio has been proposed as a measure of photochemical processing or aging during transport [Yang et al., 2004] . Figure 4 illustrates the relation of the isotopic composition of diacids with WSOC/OC ratios. The relation between d
13 C values and WSOC/OC ratios is not very strong, but in general d
13 C values become larger with aerosol aging. With this trend, shorter-chain diacids (C 2 À C 4 ) present correlation coefficients (r) > 0.5, while C 6 À C 9 diacids show very scattered plots. As discussed above, this increase in d
13 C values of C 2 À C 4 diacids can be explained by the isotopic fractionation associated with their photochemical processes during transport to Sapporo, where the local emission impacts on diacid concentrations are found to be insignificant.
[35] In the Sapporo samples, diacid concentrations did not show any clear trend with WSOC/OC ratio (data are not shown here), being different from the remote marine aerosols [Wang and Kawamura, 2006] , in which concentrations of diacids decreased considerably with aerosol aging. It is important to note that the remote marine aerosol samples were collected under different atmospheric conditions during a ship cruise in the Pacific from midlatitudes toward the equator, while the present aerosols were collected at a fixed site, which is often influenced by the polluted air masses from East Asia and Siberia. the air mass region and aerosol sample is given in Table 5 . [Wang and Kawamura, 2006] are also plotted. For the Sapporo aerosols, generally d 13 C values show a similar trend with larger isotope ratios for shorter-chain diacids regardless the air mass source regions.
[37] A slightly larger mean d 13 C value of oxalic acid is observed in air mass regions #1 and #2 compared to #3; however, these differences are rather insignificant if variation in sample-to-sample d
13
C values (i.e., ±1s, presented with bar in Figure 6 ) is considered. The air quality in Sapporo is mixed with outflows from East Asia and Siberia. As discussed above (section 3.4), diacids detected in the Sapporo aerosols are largely produced by photo-oxidation of precursors derived from anthropogenic and biogenic (including biomass burning) emissions, hence this result indicates that photochemical aging is an important factor to control d
C values of diacids. Further, as seen in Figure 7 , Figure 5 . Ten-day backward trajectory analyses for all the samples, which are categorized into three air mass regions (see Table 5 ). 13 C values (oxalic acid) and WSOC/OC ratios showed a maximum for region #1, where the air masses traveled much longer distances to Sapporo and thus possibly experienced different chemical environment/reactions than #2 and #3 (see Figure 5 ). This suggests that d
C values of diacids in the Sapporo aerosols are significantly influenced by atmospheric chemical reactions that the diacids experienced during long-range transport.
[38] To further assess the source influences on d 13 C values of diacids in aged aerosols, we compare the d 13 C values of diacids given by Wang and Kawamura [2006] for remote marine aerosols, which were more aged and influenced by the continental outflows as well as marine emissions (see Figure 6 ). In general, d
13 C values of diacids from marine aerosols are larger than those obtained in the Sapporo aerosols. This enrichment in 13 C can be explained by the isotopic fractionation for more aged aerosols.
[39] Especially, d 13 C values of adipic acid (C 6 ) and azelaic acid (C 9 ) obtained in remote marine aerosols are much less negative than those from the Sapporo aerosols. C 6 and C 9 diacids can be produced by the photo-oxidation of unsaturated fatty acids derived from terrestrial higher plants and also marine phytoplankton via seawater microlayers [Kawamura and Sakaguchi, 1999; Sempéré and Kawamura, 2003] . Thus the larger d
C values of C 6 and C 9 in marine aerosols ( Figure 6 ) may be attributed to the sea-to-air emission of plankton-derived unsaturated fatty acids and their subsequent oxidation to C 6 and C 9 , because carbon isotopic ratios of marine organic matter is less negative than those of terrestrial C3 plant materials or continent-derived organic matter [Turekian et al., 2003, and references therein] . In contrast, the smaller d
13 C values of C 6 and C 9 in the Sapporo aerosols suggest more contribution from anthropogenic sources and terrestrial higher plants (biomass burning). also reported very large d
13 C values for C 2 and C 4 acids (+4 to +15% and À3 to +11%, respectively) in the remote marine aerosols over the Central Pacific.
[40] These comparisons further suggest that although the initial d 13 C value of a diacid in aerosols depends on its precursor source, the enrichment of 13 C in diacids can be regarded as aging of organic aerosols during long-range atmospheric transport. However, a laboratory experiment is needed to better understand the mechanisms and kinetics that govern the 13 C enrichment of diacids.
Conclusions
[41] Molecular compositions of low molecular weight diacids and related compounds were determined in Sapporo aerosol samples together with their stable isotopic composition. This study leads to the conclusion that diacids detected in the Sapporo aerosols were mostly formed by secondary photochemical oxidation of continent-derived anthropogenic and biogenic (including biomass burning) precursors. A clear enrichment of 13 C in diacids was observed as a function of their carbon number. The observed larger d
13 C values of lower carbon numbered diacids are most likely explained by isotopic fractionations resulted from the atmospheric decomposition of relatively longer chain-diacids or their precursors. Increased d
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